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Abstract
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The performance of manual material handling tasks is one major cause of lower back injuries. In
the current study, we investigated the influence of the weight configuration of hand loads on trunk
muscle activities and the associated spinal stability. Thirteen volunteers each performed static
weight-holding tasks using two different 9 kg weight bars (with medial and lateral weight
configurations) at two levels of height (low and high) and one fixed horizontal distance (which
resulted in constant spinal joint moment across conditions). Results of the current study
demonstrated that holding the laterally distributed load significantly reduced activation levels of
lumbar and abdominal muscles by 9–13% as compared with holding the medially distributed load.
We believe such an effect is due to an elevated rotational moment of inertia when the weight of the
load is laterally distributed. These findings suggest that during the design and assessment of
manual material handling tasks, such as lifting and carrying, the weight configuration of the hand
load should be considered.

Keywords
Trunk biomechanics; spinal stability; weight configuration; manual material handling;
electromyography

1. Introduction
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Epidemiological studies have demonstrated that low back pain (LBP) is associated with
extraneous work, awkward working postures, and repetitive bending and/or lifting tasks
(Bernard 1997; Hoogendoorn et al. 2000; Mariconda et al. 2007; Suri et al. 2010). Existing
evidence shows that excessive mechanical loading on the spine could lead to LBP (Neumann
et al. 1999; Marras 2000; Kerr et al. 2001; Bakker et al. 2007). In addition, spinal injury is
also linked to spinal stability, which is achieved by the synergistic and coherent interplay of
spinal subsystems, including muscles, ligaments, bones and the nervous system (Bergmark
1989; Panjabi 1992; Cholewicki and McGill 1996). Functional impairment of spinal tissues
and unstable spinal motions (ie uncontrolled intervertebral movements) could lead to
improper distribution of mechanical loading to the spinal structure, causing buckling and
failure of spinal structures, and therefore, elevating the risk of spinal injuries and pain
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(Cholewicki and McGill 1996; Granata and Marras 2000; Panjabi 2003; Granata and
Gottipati 2008).
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Spinal injuries are often associated with the performance of manual material handling tasks
(Marras et al. 1993; Norman et al. 1998; Waters et al. 2006). Previous studies have found
that the stability of spine and trunk muscular activity can be influenced by trunk posture
(Granata and Wilson 2001; Arjmand and Shirazi-Adl 2005), lifting techniques (Bazrgari,
Shirazi-Adl, and Arjmand 2007; Rose, Mendel, and Marras 2013), work experience
(Plamondon et al. 2010), prior knowledge of load magnitude (Elsayed et al. 2015) and
prolonged working hours as well as the associated muscle fatigue (Granata, Slota, and
Wilson 2004; Granata and Gottipati 2008). It was also found that the magnitude of external
loading and the asymmetry of the load handling posture (eg sagittally symmetric vs.
asymmetric to the torso) could influence spinal stability and trunk muscle co-contraction
(Lavender et al. 1992; Shirazi-Adl et al. 2005). In addition, handling loads at different
vertical heights could also influence spinal stability; previous studies have found reduced
spinal stability when handling loads at a higher position (eg over the shoulder level) as
compared to a lower position (eg at waist level) (Granata and Orishimo 2001; Ning et al.
2014). It was also noted that the configuration of an external load could potentially influence
spinal stability during weight handling. Changes of the weight distribution of a hand load
result in changes in its moment of inertia; when performing manual material handling such a
change could cause the trunk to lose its balance and lumbar vertebrae to buckle especially
under perturbation (Preuss and Fung 2005).
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Figure 1 shows two different configurations of the same weight magnitude on a weight bar.
The rotational moment of inertia for each configuration can be calculated using Eq. (1),
where I is the total moment of inertia for a specific weight around the axis of rotation. ICMi
is the moment of inertia of component ‘i’ (eg a weight disc) around its centre of mass; Mi
represents the mass of the component ‘i’; and Ri is the distance from the centre of mass of
the component ‘i’ to the axis of the rotation. When discs are located farther away from the
midpoint of the bar, the system has a larger rotational moment of inertia. As shown in
Equation (2) (where T is the total torque; I is the total moment of inertia and α is the angular
acceleration), under the same amount of torque (generated by external perturbation,
unbalanced hand force, etc.), a more laterally distributed load will experience smaller
amount of angular acceleration and deviation due to its larger moment of inertia as
compared to a more medially distributed load. In mechanical systems, this concept is used to
create smoother motions (eg fly-wheels used in engines). Considering human biomechanics,
this concept is also used to improve postural stability. For example, when performing weight
lifting, weight discs are located on both sides of a barbell instead of at its centre; also, during
tightrope walking, acrobats hold a long pole to enhance their whole-body stability and
balance (McLester and Pierre 2007).

I=

n

∑ (I CMi + M iR2i )

(1)

i=1
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T = I×α

(2)
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For a rigid mechanical structure, supporting two symmetrical objects that have the same
amount of weight but different configurations (as shown in Figure 1) should require the
same and constant supporting forces at the points of contact. However, when these two
weights are handled by humans, results can be quite different. The biomechanical system of
the human body relies constantly on neuromuscular feedback to continuously adjust postures
and force outputs even when performing static motions (Keele 1968). Previous research
shows that signals representing an imbalance are generated and understood by the brain with
a delay, and corrective muscle reactions to this information are consequently slowed down,
which may result in slight perturbations of body parts (McLester and Pierre 2007; Thelen,
Schultz, and Ashton-Miller 1994). When small disturbances from the neuromuscular system
occur (eg a natural hand sway and a slightly imbalanced hand force during static weight
holding), the weight with greater moment of inertia would experience smaller angular
acceleration and less movement (McLester and Pierre 2007).
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The purpose of the current study was to understand the influence of the weight configuration
of hand load on trunk muscle activities during static weight holding. Previous studies have
found that during the performance of manual material handling tasks, to increase the
stability of the spine, higher levels of trunk muscle co-contraction (ie an increase in both
agonistic and antagonistic muscle activities) were often observed (Chaffin et al. 1999; Lee,
Rogers, and Granata 2006). Such a mechanism could enhance the overall stiffness of the
trunk and, subsequently, improve spinal stability (Cholewicki, Simons, and Radebold 2000;
Granata and Marras 2000; Brown and Potvin 2005; Reeves, Narendra, and Cholewicki 2007;
Stokes, Gardner-Morse, and Henry 2011). Therefore, it was hypothesised that when
handling the same magnitude of external loading, a more medially distributed load
configuration would result in higher levels of trunk muscle co-contraction as compared to a
more laterally distributed load configuration.

2. Method
2.1. Participants

Author Manuscript

Thirteen healthy male volunteers (Average ± SD) (age 29.3 ± 3.0 years, body mass 70.6
± 7.5 kg, body height 174.3 ± 5.6 cm) from the student population of West Virginia
University participated in this study. Participants with a history of shoulder pain, LBP or
upper extremity injuries were excluded from this study. Prior to data collection, informed
consent forms were obtained from all participants. The experimental design and procedures
were approved by the Institutional Review Board of West Virginia University.
2.2. Experimental design
The load weight configuration and the load handling height were considered as two
independent variables (referred to as CONFIGURATION and HEIGHT, respectively,
hereinafter). CONFIGURATION has two levels: medially distributed (9 kg weight located at
the midpoint of the bar) and laterally distributed (two 4.5 kg weights located at the two ends
Ergonomics. Author manuscript; available in PMC 2019 June 01.
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of the bar with a distance of 100 cm). The HEIGHT also has two levels: high and low, which
is defined as 25 cm above or below the shoulder height, respectively, for each participant. To
maintain a constant external loading to the spine, the horizontal distance between the
projected location of the load’s centre of mass and the midpoint of the participant’s ankles
remained at 45 cm throughout all trials (Zhou, Dai, and Ning 2013). Hand locations were
also controlled: the middle finger of each hand was 10 cm away from the mid-point of the
bar for all trials. The combination of the two independent variables created 4 different
conditions; each condition was repeated 3 times, resulting in a total of 12 trials. Dependent
variables included the NEMG activities of Erector Spinae (ES), Multifidus (MU), Rectus
Abdominus (RA) and External Oblique (EO) muscles.
2.3. Apparatus and equipment
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A custom-made wooden stand was utilised as a guide to help participants control the height
and the horizontal distance of the load during each trial. Weight discs were secured to two
identical wooden bars to create the two weight configuration conditions. Eight bipolar
surface EMG electrodes (Bagnoli, Delsys, Inc., Boston, MA, USA) were placed over the
skin of the left and right ES (4 cm lateral to the L3 spinous process), left and right MU (2 cm
lateral to the L5 spinous process) (Ning et al. 2011; Hu, Ning, and Nimbarte 2013), left and
right RA (2 cm above and 3 cm lateral to the umbilicus), and left and right EO
(approximately 15 cm lateral to the umbilicus) (Cholewicki and VanVliet IV 2002). The
sampling frequency of EMG was set at 1024 Hz. The placements of EMG electrodes are
shown in Figure 2(a) and (b). A lumbar dynamometer with a back flexion–extension module
(Humac Norm, CSMi, MA, USA) was used in this study to secure participant’s lower
extremities and provide static resistance while performing maximum voluntary contractions
(MVC) (described in more detail in the Procedure section).

Author Manuscript

2.4. Procedure
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Upon arrival, participants were given a thorough description of the experiment and then
signed their informed consent forms. Prior to the data collection, participants performed a
five-minute warm-up session to stretch their shoulder and back muscles and become familiar
with the protocol of the experiment. When finished, surface EMG electrodes were then
attached to the above-described locations with double-sided tape. During MVC trials,
participants were secured in a 20° trunk forward flexion posture (Marras and Mirka 1993)
and performed isometric trunk maximum voluntary flexion and extension contractions each
with two repetitions. The 20° trunk forward flexion posture was selected because, in this
posture, low back and abdominal muscles are close to their resting lengths, which will allow
them to generate maximal contractile tensions (Chaffin, Andersson, and Martin 2006). Each
MVC trial lasted ~6 s and, at least, two minutes of rest was given between trials to avoid
muscle fatigue (Caldwell et al. 1974; Marras and Davis 2001). Participants then performed a
total of 12 weight-holding trials. Each trial required participants to hold a weight bar in front
of their torsos with a fixed horizontal distance, a predetermined vertical height (ie 25 cm
above or below acromion points) and a fixed hand posture for 10 s (Figure 2(c) and (d)). In
each trial, weight was brought to and taken away from participants by an experimenter,
therefore, no weight lifting or lowering was needed for participants. At least one minute of
rest was provided between trials to avoid shoulder and back muscle fatigue.
Ergonomics. Author manuscript; available in PMC 2019 June 01.
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2.5. Data processing and analysis
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EMG data were first filtered using a 10–500 Hz band-pass filter and a notch filter at 60 Hz
and its aliases. The filtered EMG signals were then rectified and smoothed using a 100-data
point sliding window. Mean EMG values from experimental trials were then normalised
with respect to each muscle’s maximal EMG, collected from MVC trials. Due to the
sagittally symmetric nature of the weight-holding task, normalised EMG (NEMG) from left
and right sides of ES, MU, RA and EO were averaged to generate NEMG for the
correspondent muscles.
2.6. Statistical analysis
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All statistical analyses were performed using Minitab 17 (Minitab Inc., PA, USA). The
validity of ANOVA assumptions (normality of residuals, equality of variances, etc.) was
tested on all dependent variables, and the ones which did not satisfy those assumptions were
transformed until all assumptions were satisfied (Montgomery 2012). Multivariate ANOVA
(MANOVA) analysis was subsequently performed to assess the effects of independent
variables and their interactions on all dependent variables, collectively. Significant effects
were further tested using univariate ANOVA. A criterion p-value of 0.05 was selected.

3. Results

Author Manuscript

In agreement with our initial hypothesis, the results of MANOVA revealed significant main
effects of both independent variables (ie CONFIGURATION and HEIGHT) on all
dependent variables (NEMG values of ES, MU, RA and EO muscles). The interaction effect
was not significant and, therefore, was not further analysed (Table 1). Results of univariate
ANOVA illustrated that both independent variables substantially influenced all back and
abdominal muscles. As shown in Figures 3 and 4, higher NEMG values were observed in the
higher load handling position and with the medial load condition for all trunk muscles.
Whereas the lower load handling position and the laterally distributed load generated lower
NEMG values. More specifically, when holding a medially distributed load, NEMG of ES
and MU muscles increased by 2.0% (24.0–26.0%) and 3.0% (29.7–32.7%), respectively;
abdominal muscle activity also elevated by 0.5% (5.4–5.9%) and 1.0% (8.6–9.6%),
respectively, for RA and EO. Holding the load at a higher position resulted in a 3.8% (23.0–
26.8%), 3.5% (29.4–32.9%), 1.5% (5.0–6.5%) and 1.5% (8.3–9.8%) increase in NEMG for
ES, MU, RA and EO muscles, respectively, as compared to holding the load at a lower
position.

4. Discussion
Author Manuscript

The main purpose of the current study was to understand whether different weight
configurations of the hand load could influence trunk muscle activities and the associated
spinal stability during weight holding. As described earlier, when holding the same
magnitude of load, different weight configuration could generate a different rotational
moment of inertia. Such difference could result in changes in neuromuscular control and
muscle activation patterns to cope with external perturbations or unbalanced hand forces.
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We hypothesised that when handling the same magnitude of external loading, a more
medially distributed load configuration would result in higher levels of trunk muscle cocontraction as compared to a more laterally distributed load configuration. Results of the
current study demonstrated increased EMG activities among lumbar extensor muscles as
well as abdominal muscles; these results supported our initial hypotheses.
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In the current study, when holding a more medially distributed weight, the moment of inertia
decreases (as suggested by Equation 1) and the human trunk becomes potentially less stable;
any small disturbances to the load (eg resulting from the naturally imbalanced hand forces
due to delays in neuromuscular feedback) could generate greater angular acceleration and
displacement to the load. In turn, larger trunk muscle forces would be needed to stabilise the
system and bring the load back to its equilibrium. An elevated level of trunk muscle cocontraction during daily activities can be mechanically and energetically costly (Marras and
Mirka 1990). While the antagonistic co-contraction contributes to both increased
compression and stability, stability has been found to increase proportionately more than
compression (Granata and Marras 2000).
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Figure 5 demonstrates two typical EMG profiles of an ES muscle during the course of two
weight-holding trials. As can be observed, when holding a laterally distributed load, we
often recorded much more stable EMG activities as compared to holding a medially
distributed load. Additionally, in agreement with previous studies (Granata and Orishimo
2001; Ning et al. 2014), higher levels of trunk muscle activities were observed when holding
a load in the higher position. Such an increase in trunk muscle co-contraction is possibly
used to increase the stiffness of the trunk and compensate for the reduced trunk and spinal
stability (Granata and Marras 2000; Granata and Orishimo 2001). Another interesting
finding of this study was that in the abdominal region, EO muscles demonstrated higher
NEMG compared to RA muscles. We believe this is mainly due to the differences in the
muscle fibre orientation and the location of these two muscles. RA is located in the centre of
the abdomen, and its muscle fibres are vertically oriented whereas EO is located laterally to
the RA, and its muscle fibres are oriented with a slightly oblique angle (Criswell 2010). This
location and muscle fibre orientation enabled the EO muscle to play an important role in
balancing rotational moment, such as what is needed in the current experiment.

Author Manuscript

Although both main effects significantly influenced trunk muscle activities during weight
holding, the actual differences between the levels were relatively small. For example,
compared to the medially distributed load configuration, holding a laterally distributed load
reduced the NEMG of ES, MU, EO and RA muscles by 9, 10, 13 and 9%, respectively.
However, the actual changes in magnitude were only 2.0, 3.0, 1.0 and 0.5% of the maximal
EMG values, respectively. We believe these observed small differences between levels were
mainly due to the fact that our testing conditions were restricted to relatively simple,
conservative and controlled conditions. For instance, to avoid back and shoulder muscle
fatigue, the horizontal distance of the load was controlled at 45 cm across all trials and the
duration of each weight-holding task was limited to only 10 s. In addition, to further reduce
variance, we used static weight-holding tasks instead of dynamic motions. It is highly
possible that in real-working scenarios where workers are required to perform dynamic tasks
with more demanding task requirements and the possibility of experiencing muscle fatigue
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and external perturbations, the influence of weight configuration on trunk muscle activation
levels and spinal stability can be magnified dramatically.
Manual material handling tasks, such as weight lifting and carrying are prevalent in a
number of industries such as construction, service and transportation. Repetitively handling
heavy loads and/or for a prolonged period of time (eg construction workers carrying cement
bags, baggage handlers moving bags and suitcases from conveyer belt, couriers delivering
goods in boxes) can lead to spinal instability and result in spinal injury (Beaudette, Graham,
and Brown 2014). Results of this study suggest that to carry the same amount of weight, a
symmetrical and more laterally distributed load requires less back and abdominal muscle coactivation, which may be associated with a relatively more stable spine and a lower level of
spine compression as compared to a more medially distributed load.
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Findings from the current study can be applied in numerous work scenarios. For instance,
when construction workers carry cement bags, to enhance trunk stability and reduce spinal
loading, these bags should be placed horizontally (instead of vertically) and in a close-toabdomen position. Similarly, in air transportation, when a baggage handler carries a bag
with both hands, holding handles along the long axis of the bag and keeping it close to the
abdomen would help reduce the risk of spinal injury.

Author Manuscript

Finally, a number of limitations of this study need to be noted: first, task duration was
controlled at 10 s to avoid shoulders and trunk muscle fatigue; longer task duration and the
associated muscle fatigue could further influence the results, which warrant future
investigation. Second, only one level of weight and one specific hand and trunk posture were
tested in the current study; heavier weight and more complex hand and body postures (eg
asymmetric weight holding) were not explored. Third, only young, male participants were
recruited. Older individuals and female participants may generate different results.

5. Conclusions
Results of the current study demonstrate that changes in the weight configuration of the hand
load significantly influenced trunk muscle activities and, potentially, the associated spinal
stability during weight holding. This finding suggests that the weight configuration of the
hand load should be considered during the design and assessment of manual material
handling tasks, such as weight lifting and carrying.
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Practitioner summary
Elevated trunk muscle activities were found when holding a medially distributed load vs.
a laterally distributed load (with an equivalent external moment to the spine), indicating a
reduced spinal stability due to the reduced rotational moment of inertia. The
configuration of the hand load should be considered when evaluating manual material
handling tasks.
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Figure 1.

A demonstration of two objects with the same amount of weight but different configurations
(the top panel shows a laterally distributed weight configuration and the bottom panel shows
a medially distributed weight configuration), upward arrows indicate the counterbalancing
supporting force and downward arrows indicate gravitational forces.
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Figure 2.

A demonstration of the location of EMG sensors (a, b), data collection apparatus and the
postures participants used when holding a medially distributed weight (c) and a laterally
distributed weight (d).
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Figure 3.

Averaged activation levels of trunk muscles when holding load in high (Hi) vs. low (Lo)
conditions. Bars indicate the corresponding standard error and asterisks denote statistical
significance between two levels.
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Figure 4.

Averaged activation levels of trunk muscles when holding a laterally distributed weight (L)
vs. a medially distributed weight (M). Bars indicate the corresponding standard error and
asterisks denote statistical significance between two levels.
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Figure 5.

A demonstration of typical EMG profiles of an ES muscle when holding a medially
distributed weight (A) vs. a laterally distributed weight (B).
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Note: Bold values indicate significant results.
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Results of statistical analyses.
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